1 Abstract-The paper discusses the advantages and disadvantages of existing mining locomotive propulsion systems used in the Polish underground mines. The method to design a new propulsion system with recuperation of energy is presented. Conclusions and recommendations for necessity of controlling the volume of recuperated energy closely correlated with amount of electrolytic gas emissions are given.
I. INTRODUCTION
Battery powered locomotive is one of the means for transportation of people, ore and materials in underground mines. Their main advantage is lack of emission of exhaust gases what is a main problem in the case of using the diesel locomotives in mines. Battery supplied drives do not require a special maintenance apart from replacing the batteries after discharge. Their operation time is only limited by the battery capacity.
Lea BM-12 locomotives ( Fig. 1 ) are the most popular in Polish mines. manufactured from 1970ties. Now their production is stopped and they can only be repaired and modernized. It should be noted that in the Polish mining industry several other solutions of the locomotives can be found, but none of them became popular enough. The main technical parameters of Lea BM-12 locomotive are presented in Table I . Single electric motor is used in the existing drives of the Lea BM-12 locomotive. It is a series DC motor (type LDS245) of rated power equal to 15 kW and instantaneous power up to 38 kW. It drives the shaft of the locomotive from both ends simultaneously (by the relevant mechanical gear) what is a big advantage compared to other solutions where, either one axle is driven or two independent motors with less power are used. Supply and rotary speed control is based on DC thyristor switch, which is DC/DC converter of forced-commutation. It can operate in a switch on or switch off position for any time interval. The power-electronic key allows for smooth step less motor startup and energy recovery to the traction cells. Start up and run is realized at current in the range from 80 A to 295 A, current braking at current 80 A to 200 A while, emergency braking (by means of dead-means handle) at current 150 A. Control system realizes the function of reduction of field excitation, at the last step of speed controlling device (run at 240 A). Since power supply is unidirectional the change of direction of the motor rotation is effected by means of reversing contactors system, while braking by using the VM4 diode (see Fig. 2 ). To make the engine braking more effective, it is overexcited from the battery through RW resistor. At present the expectations and needs of users of battery supplied mine locomotives are much higher. There are the following basic requirements:
 long enough time of operation without necessity of changing batteries,  charging system should be compatible with that used in mine,  high tractive force to enable transporting heavy weight loads,  high speed of transportation,  high reliability.
To satisfy the above requirements one needs to apply new solutions regarding the driving system structure and make appropriate modifications concerning effective control of energy recuperation level strongly related to electrostatic gas emission volume. Paper presents and discusses results of such undertaken measures and formulates e conclusions and recommendations for operation in practice.
II. SOLUTION OF THE NEW DRIVE SYSTEM
Experts from KOMAG Institute of Mining Technology and Institute of Innovative Technology, EMAG, Poland decided to jointly undertake the modernization of the existing locomotive propulsion system. Therefore, a new concept for drive system to be installed directly in the Lea BM-12 locomotive without making any changes to these machines has been developed. Experts made a lot of stand tests. One of them was comparing the PMSM motor and IM motor ( Fig. 3 and Fig. 4 ). Why those? After comparing simulations between asynchronous, synchronous and direct current motors, the results shows that alternating current motors are better for our applications, than the direct current motor. In a result of all of the tests, the series DC motor was eliminated and replaced by two brushless permanent magnet synchronous motors (PMSM). The main advantages of IM over DC machine for the same performance are low cost, robustness and reliability [5] - [8] also the permanent magnet synchronous motor has the advantages such as large energy density, high efficiency, long service life and low complexity [9] - [14] . The control system was modified as well by application of two independent power electronic converters. Proper vector control of motors has been used with current control in the q-axis of machine during start-up and braking. This is a typical two-zone control, where, for basic frequency of 50 Hz a constant magnetic flux is maintained by setting the constant current in the d-axis of the machine (responsible for the motor excitation). While, above this frequency the magnetic flux is reduced in inverse proportion to the increase of the frequency by controlling the current in d-axis. This type of control allows providing constant torque produced by the motor in the first zone and constant mechanical power in the second zone. Voltage inverter composed of 6-pulse bridge with reverse diodes was used for the machine supply. The last element subjected to modernization was a source of electric energy -battery. According to PN-EN 60079-7:2010 standard "secondary batteries must be lead-acid, iron-nickel, nickel-cadmium". This clause is applied to secondary cells of a capacity of more than 25 Ah [3] . It was therefore, decided to use the same type of lead-acid cells but of increased capacity from 760 Ah up to 1000 Ah what, results in increase of effective energy from 109.44 kWh to 144 kWh. To improve energy efficiency of the recommended propulsion system it is necessary to increase as much as possible the energy recovered during electrical braking. However, it must be taken into account that during charging of lead-acid cells (braking with electrical energy recovery) accompanying the chemical reactions can be dangerous, especially in the case of high intensity charging. During charging lead sulphate (PbSO4) is decomposed on the negative potential plate (cathode) of the cell. When charging the lead sulphate (PbSO4) on the cathode, is reduced to "spongy" lead. While acid ion SO4 --with hydrogen ion increase concentration of H2SO4 acid. On the positive potential plate (anode) the lead sulphate decomposes. Electrochemical decomposition of lead sulphate opens the pores of the active mass of electrodes, allowing the diffusion of concentrated sulphuric acid into them. The diffusion of the electrolyte in the pores increases concentration of sulphuric acid, decreases the internal resistance, and increases EMF value of a cell [3] . These are the typical chemical processes, which, under normal use of the battery should not be any danger to users [15] . However, when charging the so-called parasitic, side reactions take place as well. Namely on the cathode hydrogen can be generated. While, on the anode -oxygen O2 respectively. Release of hydrogen and oxygen is a result of the water hydrolysis. Reactions taking place in acid cells with gas emission to the atmosphere (mainly hydrogen) may cause a significant risk of explosion, especially in dusty and methane mines [3] . Therefore, it was necessary to carry out the tests and simulation analyses to find expected value of the return current to the batteries during various braking torque corresponding to a real drive system. Since, the developed driving system is composed of two invertersynchronous motors with permanent magnets (PMSM), which are evenly loaded, the simulations can be simplified to a single motor model assuming its load reduced to half load of the locomotive. The modification had to change the way of power supply with three-phase voltage source for battery pack of parameters consistent with these for the battery used in a real system (Fig. 6) . 
III. EFFECTIVE CONTROL OF A BATTERY SUPPLIED MINE LOCOMOTIVE UNIT
Hydrogen emission that occurs during battery recharging process requires compromising the desired efficiency while, ensuring highest number of operation cycles and maximum safety in terms of electrolytic gas emission. Fig. 8 . Modernized Lea BM-12 locomotive with transportation load in a form of diesel locomotive [7] .
: Fig. 9 . Current waveform during the braking process with FFT analysis results [7] .
The use of two synchronous motors with permanent magnets controlled by independent voltage invertors has improved significantly electric efficiency of the Lea BM-12 locomotive and thus allowing effective recovery of energy in much wider range of operation. However, recuperation of greater amount of energy (increase of locomotive life) is related with the risk resulting from increased emission of gases, especially hydrogen. Therefore, it became necessary to carefully analyse and examine the total process of braking with energy recuperation to the battery. It is known that the gas emission is strictly related to the current flowing through the battery. Therefore, to better understand the phenomena during the process of charging, some investigations were carried out for the modernized locomotive under real working conditions in the mine. For this purpose, in a selected mine, the locomotive equipped with a new battery drive system was installed as in Fig. 8 . For the purpose of testing, the system was composed of a single electric motor and a single inverter.
The loaded locomotive was accelerated to a speed close to real value (about 3 m/s) and then electrically braked at constant torque with recording the curve of flowing current until the stop. To determine the level of current deformation due to harmonics contents during energy recovery, FFT analysis was made. An example of the current waveform during the test is presented in Fig. 9 .
The current waveform, as it can be seen, has steep characteristics, which is associated with the first harmonic equal to 35 Hz however, expected carrying frequency for statistical current waveform at speed over 1700 rpm should be around 58 Hz. Recovery current at start of braking is about 120 A and is equal to the DC component. Such a high current results from opposite torque generated during braking from the speed 1700 rpm. up to 0 rpm. When the speed reaches zero, current moves to 3rd quarter of control chart and work starts again, but in the opposite direction (in Fig. 9 . it is indicated as "work"). In addition to the DC components the six another current harmonics were recorded. The highest amplitude was found for the 6th harmonic: (h6 = 3.6 A) what is equal to about 5% of current value flowing to the battery after 470 ms (210 Hz) from the beginning of recovery braking. Other recorded higher harmonic amplitudes have the following values: h1 = 2.6 A, h2 = 1.0 A, h4 = 2.2 A, h9 = 1.0 A and h10 = 10.0 A respectively. Over the 10 th harmonic there was no other visible harmonics that could affect the distortion of recovery current waveform [7] .
IV. CONCLUSIONS
The use of state-of-the-art brushless electric motors with permanent magnets controlled by power converters significantly improves the efficiency of electric locomotive extending the range of effective energy recovery during electrical braking. It is however, associated with the danger of excessive gas emission especially hydrogen, what requires application of a suitable control system correlated with acceptable volume of gas emitted. The development of such effective system requires clarifying the impact of the current value on both gas emission and battery life. Such studies are currently being conducted.
